Introduction
In the flamelet approach of turbulent premixed combustion, the flames are modeled as a wrinkled surface whose propagation speed, termed the "displacement speed," is prescribed in terms of the local flow field and flame geometry [l] . The response of the displacement speed, Sd, to flame stretch is then characterized by a Markstein number. Theoretical studies where V n is the flame curvature, and n is the flame normal vector.
In an actual implementation of a flamelet model in turbulent premixed flames, an accurate estimate of the Markstein number is crucial in predicting the turbulent flame speed, and thus the overall burning rate. Experimental measurement of flame speed and stretch in turbulent flames, however, is extremely difficult. As a consequence, measurement of flame speeds in strained flow fields is often made in simpler geometries [8, 9, lo] , where the effects of transients associated with unsteady strain and large flame curvatures are often unaccounted for. Recent DNS with constant Lewis number along with experimental data obtained at the tip of a 2D Bunsen flame show the dependence of the displacement speed on stretch [ll] due to negatively curved flames undergoing compressive strain. They show that the linear relation predicted by asymptotic methods applies to a much larger range of stretch values, and that strain and curvature effects can be parameterized by stretch alone. However, their data is limited to only negatively curved flames in steady state, and the computations do not account for differential diffusion of intermediate species which may be amplified at flame cusps.
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In the present study results of direct numerical simulations of unsteady two-dimensional flames with detailed methane/air chemistry provide an alternative method of obtaining flame structure and propagation statistics. The primary objective is to determine the correlation between the displacement speed and flame stretch over a broad range of Karlovitz numbers, both positive and negative, and the distribution of stretch rates over the flame. The sensitivity of the location of evaluation of the displacement speed is determined using unburnt methane as a marker of the flame front. The observed response of the displacement speed is then interpreted in terms of local tangential strain rate and curvature effects.
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Numerical Met hod
The numerical scheme is based on the solution of the Navier-Stokes, species and energy equations for a compressible gas mixture. The explicit finite difference algorithm uses a fourth-order low storage Runge-Kutta method for time advancement [12] and an eighthorder centered finite difference scheme for spatial differencing [ 131. The chemical mechanism is based on a detailed (21 mechanism for methane-air oxidation [14] with 17 species and 68 reversible reactions. The species mass diffusion is determined by prescribing the Lewis numbers of individual species [15] , as presented in Table 1 . The molecular viscosity of the mixture is temperature dependent, while the thermodynamic properties (enthalpy, specific heat) are temperature and composition dependent. The Prandtl number is taken to be 0.708.
The computations are initialized with a one-dimensional steady laminar flame profile.
Fuel-lean to stoichiometric mixtures (equivalence ratio of 0.7 and 1.0) of methane/air are preheated to 800 K in the reactant freestream. The profiles are obtained from a one-dimensional steady code PREMIX [16] , and the solution is allowed to adjust to the simplified transport in a one-dimensional DNS.
The turbulence is prescribed by an initial two-dimensional turbulent kinetic energy spectrum function [17] which is superimposed on the laminar flame where k is the wavenumber and E is the turbulence kinetic energy dissipation rate; the constants AI, and a k are equal to 1.5. In this equation, ke is the wavenumber of the most ? I energetic scale and k d is the wavenumber corresponding to the Kolmogorov dissipation scale.
These parameters are evaluated using the integral constraints on the definitions of kinetic energy and dissipation rate in isotropic turbulence [17] . The density-weighted displacement speed of the flame relative to the local gas velocity is where po denotes the density in the unburned state of the mixture, and 7-is the direction normal to the flame. The density-weighted formulation eliminates dilatational effects on the displacement speed, and has been shown, for low turbulence intensity, to yield a relatively '.
' constant value across the reaction zone [20] . Here, the subscript Q is the index of the species for which the mass fraction isocontour is being tracked. The unit normal vector of the isoline is defined as and the flame curvature is defined as
The three terms on the right hand side of (4), respectively, show that the value of the displacement speed is a result of the balance between reaction, normal diffusion and tangential diffusion, and is modulated by the value of the scalar gradient at the location where it is measured. It is noted that the tangential diffusion term is linearly proportional to the local curvature where the constant of proportionality is given by the local mass diffusion coeEcient, D, [21, 221 . The curvature is taken to be positive (negative) when the flame is convex (concave) to the unburnt gas.
Finally, the Markstein number and flame stretch given by Eqs. 1 and 2 are presented in terms of density-weighted values for Sd as where K a z K a , + K U , = SF/Si(aT + SZV -n).
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Results and Discussion
We first examine the correlation of the displacement speed with the overall Karlovitz number, Ka, i.e. the sum of the tangential strain and curvature components. Since the lean and stoichiometric cases are found to be qualitatively similar, only the results for the lean case will be presented and discussed. However, the Markstein numbers for both cases are presented and compared against steady counterflow computations. For convenience, the superscript *, denoting the density-weighted description, is omitted in the discussion of the results. To substantiate the statistical significance of various portions of the data shown in Fig. 3 , the probability density function (pdf) of the stretch rate is shown in Fig. 4 . A least squares linear fit over the data in Fig. 6 yields a Markstein number which can be compared against fresh-to-burnt numerical counterflow data obtained using the same chemical mechanism. The comparison of Markstein numbers obtained from the DNS and the counterflow computations for both the lean and stoichiometric cases is summarized in Table   2 . For the purpose of comparison the linear fits in both the DNS and the counterflow were made over the same range of stretch: 0 5 K a 5 1. The last column, a linear fit of the DNS data over a range extended to negative stretch, -1 5 K a 5 1, gives a slightly larger value of the Markstein number, indicating a greater sensitivity of the burning velocity to compressive strain and curvature effects. Note that the relative error between the counterflow and DNS is less than 1.5% for both cases. The good agreement suggests that, over a wide range of stretch rates, curvature effects are interchangeable with strain rate effects in determining stretch effects on flame propagation. This conclusion implies that a significant part of the turbulent flame can be represented by plane strained flames. It is somewhat surprising that the agreement is so good, considering the unsteadiness associated with the turbulent flame.
The scatter in the data is likely due to local unsteadiness in the flame, integrated over several eddy turnover times.
The negative branch in Fig. 6 may seem counter-intuitive, as it appears that for some portion of the flame the displacement speed increases with the Karlovitz number. However, by conditioning the correlation in Fig. 6 on local curvature (colored square symbols in Fig. 6 ), l - it is found that this branch occurs in a region of large positive curvature, where the center of curvature is located in the burnt gases. In this case, the flame is convectively pulled upstream by strong turbulent eddies, such that the magnitude of the diffusive flux tangential to the flame front exceeds that of the adverse convective flux [all. As a result, the flame retreats back towards the products and exhibits a negative displacement speed. Hence, the positive slope in the negative branch in Fig. 6 simply shows that the larger the positive curvature becomes, the faster the cusp retreats.
Negative flame speed can also be achieved purely by excessive tangential straining, where normal diffusion, as distinct from tangential diffusion at cusps, exceeds reachion locally, to counteract adverse convective fluxes [25, 26] . Note that negative flame speed does not imply negative consumption rates; rather, it implies that diffusion is the primary mechanism for bringing fresh reactants to the flame in the presence of adverse convective gradients. In the earlier stage of the DNS results when the turbulence intensity is the highest, negative displacement speed was observed for positive Karlovitz number in excess of unity as shown by the extension of the linear segment for I -a > 1 in Fig. 7 . This is consistent with planar premixed counterflow computations in a fresh-to-burnt configuration shown in Fig. 8 , where, at 10% unburnt methane, the crossover point to negative speeds occurs at K a = 0.722,
where Ii'a -O(1). Note that isoconcentration lines of methane evaluated at the location corresponding to the half maximum of the heat release on the upstream side do not exhibit negative speeds; only isolines downstream of this location in the reaction zone cross over to the product gases. This is also consistent with the DNS results; the crossover to negative speeds occurs at a value of methane mass fraction equal to 20% of the unburnt value. In Fig. 7 we find that 20% of the flame is undergoing negative displacement speed due to extensive stretch. These regions experience incomplete combustion, or even partial extinction [25] as fuel consumption and heat release rates decrease to values as low as half of their maximum laminar values. Associated decreases in radical concentrations are also observed.
We conjecture that the observed "bending" in the turbulent burning velocity at high turbulence intensity may be partly due to this phenomena, as a non-negligible fraction of the overall flame encounters incomplete combustion, lower consumption speeds, and ultimately lower turbulent burning velocity as the flames are pushed into the product gases. Further 9 simulations are required to explore this possiblity.
As a further remark regarding the curvature portion of stretch, we observe that large negative values of Karlovitz number are found to be due to the effect of strong curvatures;
for these cases the correlation shows nonlinear behavior. The form of the nonlinearity can be determined by recasting Eq. (7) in terms of the Markstein number as and in the limit when S;/Sl >> 1 and SzV -n >> aT, we obtain
In Fig. 9 a scatter plot of Sdf versus curvature clearly shows that the first criteria, Sz/Sl >> 1, is satisfied in regions where the magnitude of curvature is large. The second criteria is also satisfied based on the earlier discussion on the distribution of stretch and tangential strain.
The limiting behavior given by Eq. (10) is observed in Fig. 3 , as the slope (Markstein number) tends towards zero for the points with large negative Karlovitz number. While the limiting behavior is the same, it is important to note the fundamental distinctions between positive and negative cusps, even if the Lewis number based on the global mixture is near unity as for the methane/air system considered in the present study [20] . The difference is partly due to diffusion of light radical species which focuses (defocuses) at negative (positive) cusps, and, thereby through chemical nonlinearity, affects global properties of the flame such as propagation speed, fuel consumption and heat release. This contrasts the conclusions drawn by Poinsot et al. [ll] in which enhancement of the flame speed at the Bunsen flame tip was attributed to hydrodynamic and diffusive mechanisms, and not to chemical effects. In their study, the single-step global chemistry does not account for the preferential diffusion effects of intermediate species.
For large negative curvatures (upper branch in Fig. 3) , the displacement speed is en- 
Concluding Remarks
Two-dimensional unsteady DNS data for lean and stoichiometric premixed methane-air flames has been used to determine the correlation of displacement speed with flame stretch.
It was observed that for the high turbulence intensity encountered by the flame, the correlation exhibits two distinct stable branches. The overall correlation is found to be nonlinear, with the source of nonlinearity derived from the curvature term. The nonlinear dependence is found to be inversely proportional to the local flame curvature in the limit of large curvature. The large magnitudes of the displacement speed encountered at the cusps serve as a stabilizing mechanism to counter the effect of the intense turbulence, resulting in a reduction in the overall turbulent flame area. For intense compressive strain at positive cusps, a second stable branch in the correlation arises due to negative flame propagation brought on explicitly by the positive local curvature.
The contribution of the tangential strain rate is found to be linear and continuous going from positive to negative values. We find it remarkable that the linear relation (Eq. (1) 
